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(57) ABSTRACT

A diesel engine body 1s provided with a geometric compres-
s1on ratio € within a range of 12:1 to 13:1. The engine body
has an 1intake valve for opening and closing an intake passage
of a cylinder, an exhaust valve for opening and closing an
exhaust passage of the cylinder, and an exhaust gas re-circu-
lation passage communicating with the intake and exhaust
passages and for partially re-circulating exhaust to the intake
passage. During low engine load and rotation speed condi-
tions, the exhaust valve 1s opened during an intake stroke, and
the intake passage 1s choked. The exhaust valve 1s closed
before the 1intake valve 1n the later stage of the intake stroke.
An opening area S . of the exhaust valve 1s set so that a ratio of
S - to an opening area S, of the intake valve meets arelation of:

0.01x(15-€)+0.02<S,/S,<0.17.

14 Claims, 9 Drawing Sheets
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1
DIESEL ENGINE FOR VEHICLE

BACKGROUND

The present invention relates to a diesel engine for a
vehicle, and particularly relates to a diesel engine with a
comparatively low compression ratio in which 1ts geometric
compression ratio 1s set within a range of 12:1 to 15:1.

In diesel engines that perform combustions by fuel, in
which a main component 1s diesel fuel being compressed to
cause a self-ignition, a comparatively low compression ratio
in which a geometric compression ratio 1s, for example, 15:1
or lower 1s set 1n order to perform, for example, a reduction of
a discharge amount of NOx. That i1s, the low compression
rat1o subsides the combustion rate 1n the cylinders and sup-
presses generation of NOx (see JP2008-261236A). Because
the lowered compressionratio of the engine reduces mechani-
cal resistance, 1t 1s also effective in improving a thermal
eificiency.

However, when the geometric compression ratio of the
diesel engine 1s set low, a temperature of the engine at the end
ol a compression stroke 1s decreased corresponding to the low
compression ratio. Therefore, self-ignition conditions
become difficult to be met within, for example, an operation
range where the engine has a low load and a low rotation
speed. Further, particularly in the diesel engine disclosed 1n
JP2008-261236 A, an 1gnition performance degrades as a cet-
ane number becomes lower depending on the property of fuel
to be supplied. Therefore, when factors relating to the oper-
ating conditions of the engine and the property of the fuel are
combined, the self-ignition conditions further become diifi-
cult to be met. Thus, surely securing an 1gmitability of fuel 1s
important 1n setting the low compression ratio for the diesel

engine regardless of the operating conditions of the engine
and the property of the fuel to be supplied.

SUMMARY

The present invention 1s made 1n view of the above situa-
tions and surely secures a fuel 1gnitability 1n a diesel engine
for a vehicle, particularly with a low compression ratio.

The diesel engine of the ivention, with a comparatively
low compression ratio in which a geometric compression
rat1o 1s set within a range of 12:1 to 15:1, 1s configured in that
internal EGR gas 1s mtroduced into cylinders by opening
(re-opening) exhaust valves during an intake stroke, particu-
larly within an operation range where the engine 1s in low load
and low rotation speed so that temperatures of the cylinders at
the end of a compression stroke are increased. Further, with
the above configuration of the diesel engine, in view of the
mimmum increase in the temperatures required within the
cylinders at the end of the compression stroke so as to satisty
self-ignition conditions, lift properties of the exhaust valves
in the intake stroke are specified to achieve the minimum
increase 1n the temperatures at the end of the compression
stroke.

According to one aspect of the imvention, a diesel engine
for a vehicle 1s provided, which includes an engine body to be
mounted in the vehicle and supplied with fuel contaiming
diesel fuel as its main component, a geometric compression
rat1o € being set within a range of 12:1 to 15:1. The engine
body has an intake valve for opening and closing an intake
port communicating an intake passage with a cylinder, an
exhaust valve for opening and closing an exhaust port com-
municating an exhaust passage with the cylinder, and an
exhaust gas re-circulation passage communicating the intake
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2

passage with the exhaust passage and for partially re-circu-
lating exhaust gas to the intake passage.

When the engine body 1s at least 1n an operating state with
comparatively low load and low rotation speed, the exhaust
valve 1s opened during an intake stroke so that the exhaust gas
1s partially introduced into the cylinder and the intake passage
1s choked. The exhaust valve that 1s opened during the intake
stroke 1s closed belore the intake valve 1s closed 1n the later
stage of the intake stroke.

An opening area S, [mm-deg] of the exhaust valve, that 1s
defined by a lift curve of the exhaust valve 1n the intake stroke,
1s set so that a ratio S /S, of the opening area S of the exhaust
valve to an opening area S, [mm-deg]| of the intake valve, that
1s defined by a lift curve of the intake valve, meets a relation

of:

0.01x(15-€)+0.02=S,/5,=<0.17 Statement (1),

with respect to the geometric compression ratio € of the
engine body.

Here, the opening area S; [mm-deg] of the intake valve 1s
defined as an area under the lift curve of the intake valve
where a horizontal axis of the lift curve indicates a crank
angle 0 [deg] and a vertical axis indicates a lift amount L (0)
[mm] of the intake valve, that corresponds to a valve opening
period (0,.~0,,) of the intake valve (S=[,,  L,(0)-d0).
Similarly, the opening area S, [mm-deg] of the exhaust valve
1s defined as an area under the lift curve of the exhaust valve
in the intake stroke where a horizontal axis of the lift curve
indicates the crank angle O[deg] and a vertical axis indicates
a lift amount L.(0) [mm] of the exhaust valve 1n the intake
stroke, that corresponds to a valve opening period (0.,-—0.,)
of the exhaust valve (S, =[or0 L .(0)-dO).

Further, the timing for closing the exhaust valve during the
intake stroke 1s set earlier by a predetermined timing com-
pared to the timing for closing the intake valve 1n the later
stage of the intake stroke or the earlier stage of the compres-
sion stroke. Theretore, the exhaust valve 1s set so as not to
open in the earlier stage of the intake stroke and to open within
a range of the middle to later stage of the intake stroke. Note
that, each of the lift curves of the intake and exhaust valves 1s
partitioned into a shock absorbing area on the opening side, a
bulge area and a shock absorbing area on the closing side.
Boundary points between the flat area on the opening side and
the bulge area in the lift curves may be set as the opening
timings of the intake and exhaust valves respectively, and
boundary points between the bulge area and the flat area on
the closing side 1n the lift curves may be set as the closing
timings of the intake and exhaust valves respectively. Specifi-
cally, points where the intake and exhaust valves are lifted by
0.5 mm may be set as the opening and closing timings of the
intake and exhaust valves respectively.

Lift properties of the intake valve 1n the intake stroke are
clearly determined as basic properties of the engine, and
theretore, the intake valve opening area S, 1s set to be constant
at a predetermined value. Thus, the exhaust valve opening
area S, 1s 1n proportion to the ratio S,/S; of the exhaust valve
opening area S, to the intake valve opening areas S, that 1s,
the ratio S./S;1ncreases as the exhaust valve opening area S,
1s enlarged. Therefore, setting the exhaust valve opening area
S to satisty 0.01x(15-€)+0.02<S /S, 1s equivalent to enlarg-
ing the exhaust valve opening area S,. by more than a prede-
termined value. That 1s, satisfying the Statement (1) means
enlarging the exhaust valve opening area S,. by more than the
predetermined value and introducing over a predetermined
amount of internal EGR gas into the cylinder so as to raise a
temperature of the cylinder at the end of a compression stroke,
and thereby, self-1gnition conditions are satisfied.
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That 1s, as described below, the valve opening area ratio
S./S,, which 1s a parameter included 1n the Statement (1), 1s
also a parameter related to the amount of the internal EGR gas
to be mtroduced into the cylinder while amounts of new air
and external EGR gas to be introduced into the cylinder
(amount of the exhaust gas which 1s re-circulated through the
exhaust re-circulation passage) during the intake stroke are
taken into consideration. Further, as described above, the
valve opening area ratio S./S; has properties in which the
amount of the mternal EGR gas to be mtroduced into the
cylinder increases as the valve opening area ratio S./S; 1s
increased and the amount of the internal EGR gas decreases
as the valve opening area ratio S /S ;1s decreased. A minimum
value of the valve opening area ratio S,/S,; in the Statement
(1), indicated as 0.01x(15-€)+0.02, 1s a mimmum value
required to satisty the self-ignition conditions with respect to
the geometric compression ratio € of the engine body, and, by
setting the valve opening area ratio S./S; to the minimum
value or higher, the required minimum amount of the internal
EGR gas 1s introduced into the cylinder and the temperature
of the cylinder at the end of the compression stroke increases
enough to satisty the self-ignition conditions.

The self-ignition conditions which are set to establish the
above described mathematical statements are preferred to
assume that fuel with the worst possible 1gnitability 1s used,
and the Statement (1) 1s established with respect to fuel with
the lowest cetane number to be used in the engine body.
Thereby, as long as the Statement (1) 1s satisfied, the seli-
1gnition conditions can be satisfied even when the fuel with
the lowest cetane number 1s used. Theretfore, when fuel with
comparatively higher cetane number 1s used, 1t 1s needless to
say that the self-1ignition conditions can be satisfied by satis-
tying the Statement (1).

Further, the minimum value of the valve opening area ratio
S./S; 1in the Statement (1) decreases as the geometric com-
pression ratio € increases and the minimum value increases as
the geometric compression ratio € decreases. That 1s, because
the temperature of the cylinder at the end of the compression
stroke 1increases as the geometric compression ratio €
increases, the mimmum temperature 1increase amount
required to satisiy the self-ignition conditions becomes less
and the amount of the internal EGR gas which needs to be
introduced into the cylinder becomes less. On the other hand,
because the temperature of the cylinder at the end of the
compression stroke decreases as the geometric compression
rat10 € decreases, the minimum temperature increase amount
required to satisiy the self-ignition conditions increases and
the amount of the internal EGR gas required to be introduced
into the cylinder becomes greater.

Further, the minimum value of the valve opening area ratio
S /S, 1n the Statement (1) 1s derived for a condition 1n which
the engine body 1s operated with an excess air ratio A=1.0.
That 1s, considering an exhaust emission performance for
soot and NOx, the engine body 1s preferably operated with the
excess air ratio A of around 1.0. Thus, the mimimum value 1s
set 1n consideration of the exhaust gas amount (external EGR
gas amount) to be re-circulated to the intake side through the
exhaust gas re-circulation passage under the condition 1n
which the intake passage 1s choked to achieve the excess air
ratio A=1.0. Meanwhile, the engine body may be operated
with the excess air ratio A=1.1 considering a load variation of
the engine body 1n response to, for example, acceleration. In
this case, the exhaust valve opening area S, 1s set so that the
valve opening area ratio S./S; satisfies:

0.01x(15-€)+0.025=S/5,<0.17 Statement (1-2).
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4

That 1s, by changing the air excess ratio A from 1.0 to 1.1
while having the same compression ratio, the minimum value
of the valve opening area ratio S./S; 1s increased and the
required minimum size of the exhaust valve opening area S,
1s enlarged. In other words, the amount of the internal EGR
gas needs to be increased because the amount of the external
EGR gas passed through the exhaust re-circulation passage
decreases as a result of the reduction of a negative intake air
pressure, while the degree of throttling 1n the intake passage
1s reduced to increase the new air amount corresponding to
the increase of the air excess ratio A from 1.0 to 1.1. There-
fore, the decreased amount of the external EGR gas needs to
be compensated by enlarging the exhaust valve opening area,
in other words, by increasing the amount of the internal EGR
gas.

The maximum value “0.17” of the valve opening area ratio
S /S, 1n the Statements (1) and (1-2) 1s set under the condition
in which the engine body 1s operated with the air excess ratio
+=1.1. That 1s, setting the exhaust valve opening area S,
comparatively larger so that the valve opening arearatio S./S;
becomes larger than 0.17 causes excessive increase of the
amount of EGR gas to be introduced into the cylinder, and the
new air amount required to satisly the excess ratio A=1.1
exceeds the capacity of the cylinder and cannot be introduced
into the cylinder.

Thus, by setting the exhaust valve opening area S, to sat-
1s1y either one of the Statements (1) and (1-2) and correspond-
ingly setting the lift properties of the exhaust valve 1n the
intake stroke, the 1ignitability of the fuel can surely be secured
even when the engine body 1s in low load and low rotation
speed and the Tuel with low 1gnitability 1s used. Therefore, the
diesel engine with comparatively low compression ratio 1n
which the geometric compression ratio 1s set within a range of
12:1 to 13:1 can be realized. The diesel engine with the low
compression ratio has a high exhaust emission performance
by significantly reducing the discharge amount of NOx due to
subsiding of combustion, and excels 1 fuel consumption
performance due to increased thermal efficiency from
reduced mechanical resistance loss.

According to one aspect of the mnvention, a diesel engine 1s
provided. When the engine body 1s at least 1n an operating
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s not choked. The exhaust valve that is opened
during the intake stroke is closed before the intake valve 1s
closed 1n the later stage of the intake stroke.

An opening area S, [mm-deg] of the exhaust valve, that 1s
defined by a lift curve of the exhaust valve 1n the intake stroke,
1s set so that a ratio S./S; of the opening area S - of the exhaust
valve to an opening area S, [mm-deg] of the intake valve, that
1s defined by a lift curve of the intake valve, meets a relation

of:

0.03%(15-€)+0.03=5,/5<0.17 Statement (2),

with respect to the geometric compression ratio € of the
engine body.

Here, the term, the intake passage 1s “not choked”, includes
cases 1n which a throttle valve 1s not provided within the
intake passage, and the throttle valve 1s provided within the
intake passage but 1s fully opened 1n the operating state with
comparatively low load and low rotation speed.

Because the negative intake air pressure 1s reduced due to
not throttling the imntake passage, the amount of the external
EGR gas passed through the exhaust re-circulation passage
may decrease compared to when the intake passage 1s choked.
In the Statement (2), the minimum value of the valve opening




US 8,590,517 B2

S

area ratio S./S; 1s set larger with respect to the Statement (1).
That 1s, by setting the exhaust valve opening area S, com-
paratively larger, the amount of the internal EGR gas
increases and the temperature of the cylinder at the end of the
compression stroke 1s further increased. Because the reduc-
tion of the negative intake air pressure reduces the amount of
the internal EGR gas 1n the same valve opening area ratio,
when the intake passage 1s not choked, the valve opening area
ratio S./S; needs to have a greater variation so as to increase
the amount of the internal EGR gas. Thereby a difference in
slope between the Statements (1) and (2) 1s generated.

According to one aspect of the invention, a diesel engine 1s
provided. When the engine body 1s at least in an operating,
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s choked. The exhaust valve that 1s opened
during the intake stroke 1s opened at a predetermined time
alter the intake valve 1s opened.

An opening area S, [mm-deg] of the exhaust valve, that 1s
defined by a lift curve of the exhaust valve 1n the intake stroke,
1s set so that a ratio S./S; of the openming area S . of the exhaust
valve to an opening area S, [ mm-deg] of the intake valve, that

1s defined by a lift curve of the intake valve, meets a relation
of:

0.01x(15-€)+0.03=5,/5;<0.15 Statement (3),

with respect to the geometric compression ratio € of the
engine body.

Here, “the exhaust valve 1s opened at a predetermined time
alter the intake valve 1s opened” may be restated that the
exhaust valve 1s opened after top dead center in the intake
stroke. That 1s, when the exhaust valve 1s opened and closed

during the exhaust stroke and further opened during the fol-
lowing intake stroke, the exhaust valve 1s required to be
opened after a predetermined shock absorbing period has
passed since the time the exhaust valve has closed. In other
words, the exhaust valve 1s opened 1n the earlier stage of the
intake stroke, and the internal EGR gas 1s introduced into the
cylinder at least in the earlier stage of the intake stroke. When
the mnternal EGR gas 1s introduced into the cylinder at least in
the earlier stage of the intake stroke, the new air 1s harder to be
introduced into the cylinder compared to when the exhaust
valve 1s closed 1n the earlier stage of the intake stroke. There-
fore, the maximum value of the valve opening arearatio S,./S,
in the Statement (3) 1s set to “0.15” so as to be lower than the
maximum value “0.17” of the valve opening area ratio S,./S,
in the above described statements, such as the Statement (1).
Similar to the case where S./S~0.17, the value “0.15” 1s a
maximum value when the air excess ratio A=1.1. Because the
new air 1s harder to be introduced into the cylinder, the
amount of the internal EGR gas needs to be restricted other-
wise the amount of the new air 1n the cylinder 1s reduced and
the air excess ratio A=1.1 cannot be satisfied.

Further, the Statement (3) 1s established for the case when
the intake passage 1s choked to satisty the air excess ratio
»=1.0, and the minimum value of the valve opening area ratio
S /S, 1n the Statement (3) 15 greater than that 1n the Statement
(1) because the intake passage needs to be not choked or
choked comparatively little to satisfy the air excess ratio
4»=1.0 due to the new air being harder to be introduced into the
cylinder under the condition based on the Statement (3) as
described above and thus the negative intake air pressure 1s
comparatively decreased and the amount of external EGR gas
1s reduced. That1s, the exhaust valve opening area S - needs to
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6

be set large enough to increase the amount of the internal
EGR gas so as to compensate for the reduced amount of the
external EGR gas.

Furthermore, as for the conditions in the Statement (3),
when the engine body 1s operated with the air excess ratio
’=1.1, the exhaust valve opening area S 1s set so that the
valve opening area ratio S./S; satisfies:

0.01x(15-€)+0.035=5,/5;<0.15 Statement (3-2).

According to one aspect of the invention, a diesel engine 1s
provided. When the engine body 1s at least in an operating
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s not choked. The exhaust valve that1s opened
during the intake stroke 1s opened at a predetermined time
alter the 1intake valve 1s opened.

An opening area S [mm-deg] of the exhaust valve, that 1s
defined by a lift curve of the exhaust valve 1n the intake stroke,
1s set so that aratio S./S;of the opening area S . ol the exhaust
valve to an opening area S, [mm-deg]| of the intake valve, that

1s defined by a lift curve of the intake valve, meets a relation
of:

0.03x%(15-€)+0.04=5,/5;<0.15 Statement (4),

with respect to the geometric compression ratio € of the
engine body.

The engine body may have two intake valves and two
exhaust valves per cylinder, and only one of the exhaust
valves may be opened while both of the two 1ntake valves 1s
opened, during the intake stroke. Note that, in all of the
Statements (1), (1-2), (2), (3), (3-2) and (4), the calculated
intake valve opening area S; 1s for both the two intake valves
and the calculated exhaust valve opening area S,. 1s for one of
the exhaust valve.

Each of the intake and exhaust valves may be a poppet
valve that lifts according to a predetermined lift curve. The lift
curve of the intake valve and the lift curve of the exhaust valve
(particularly the lift curve of the exhaust valve 1n the intake
stroke when the exhaust valve 1s opened) may have shapes
similar to each other.

In the above described Statements, the valve opening area
ratio S./S;1s adopted as parameters representing the it prop-
erties of the exhaust valve 1n the intake stroke and further as
parameters related to the amount of the internal EGR gas to be
introduced into the cylinder. However, the opeming period
(0.-—0.,) of the exhaust valve 1n the intake stroke may be
adopted as the parameter related to the amount of the internal
EGR gas to be introduced into the cylinder, for example. That
1s, the amount of the internal EGR gas 1s increased and the
temperature increase amount at the end of the compression
stroke 1s increased as the opening period (0 .—0 . ) becomes
longer and, on the other hand, the amount of the internal EGR
gas 1s reduced and the temperature increase amount at the end
of the compression stroke 1s reduced as the opening period
(0.—0~,) becomes shorter.

According to one aspect of the invention, a diesel engine 1s
provided. When the engine body 1s at least in an operating
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s choked. The exhaust valve that 1s opened
during the intake stroke is closed before the intake valve 1s
closed in the later stage of the intake stroke.

An opening period (0. ,-—0.,) [deg] of the exhaust valve 1n
the intake stroke (here, points at which the exhaust valve 1s
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lifted by 0.5 mm are defined as an opening timing 0., and a
closing timing 0, ) meets a relation of:

Ox(15-€)+95=(0,—0z,)=<160[deg] Statement (5),

with respect to the geometric compression ratio € of the
engine body.

The minimum value of the opening period (0,.,.-0.,) 1n
the Statement (5) 1s the value when the air excess ratio A=1.0.
When the air excess ratio A=1.1, a statement:

O%(15-€)+98=(0,—0,,)=160[deg] Statement (5-2)

can be established. Note that, maximum value “160” in the
Statements (5) and (5-2) 1s the value when the air excess ratio
r=1.1.

According to one aspect of the invention, a diesel engine 1s
provided. When the engine body 1s at least 1n an operating
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s not choked. The exhaust valve that1s opened
during the intake stroke is closed before the intake valve 1s
closed 1n the later stage of the intake stroke.

An opening period (0.--0 ) [deg] of the exhaust valve in
the intake stroke (here, points at which the exhaust valve 1s
lifted by 0.5 mm are defined as an opening timing 0., and a
closing timing 0. ~) meets a relation of:

14x(15-€)+105=(0,—0,,)=<160[deg] Statement (6),

with respect to the geometric compression ratio € of the
engine body.

According to one aspect of the invention, a diesel engine 1s
provided. When the engine body 1s at least in an operating
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s choked. The exhaust valve that 1s opened
during the intake stroke 1s opened at a predetermined time
alter the intake valve 1s opened.

An opening period (0,...—0. ) [deg] ot the exhaust valve in
the intake stroke (here, points at which the exhaust valve 1s
lifted by 0.5 mm are defined as an opening timing 0., and a
closing timing 0. ) meets a relation of:

O%(15—€)+100=(0g—0r,)=155[deg] Statement (7),

with respect to the geometric compression ratio € of the
engine body.
When the air excess ratio A=1.1, a statement:

O%(15—€)+103=(0g—0r,)=155[deg] Statement (7-2)

can be established.

According to one aspect of the invention, a diesel engine 1s
provided. When the engine body 1s at least in an operating
state with comparatively low load and low rotation speed, the
exhaust valve 1s opened during an intake stroke so that the
exhaust gas 1s partially introduced into the cylinder and the
intake passage 1s not choked. The exhaust valve that 1s opened
during the intake stroke 1s opened at a predetermined time
alter the intake valve 1s opened.

An opening period (0,...—0. ) [deg] ot the exhaust valve in
the intake stroke (here, points at which the exhaust valve 1s
lifted by 0.5 mm are defined as an opening timing 0., and a
closing timing 0. ) meets a relation of:

O%x(15—-€)+110=(0g—0r,)=155[deg] Statement (8),

with respect to the geometric compression ratio € of the
engine body.
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8
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing a configuration of a
diesel engine according to an embodiment.

FIG. 2 1s a block diagram relating to a control of the diesel
engine.

FIG. 3 1s a view showing an example of arrangement of
intake valves and exhaust valves 1n a cylinder.

FIG. 4 1s a contour chart relating to a temperature increase
amount at the end of a compression stroke according to a
relation between a geometric compression ratio € of the
engine and an opening area ratio S./S, of the intake and
exhaust valves under a condition 1n which a timing for closing
the exhaust valve 1s set to a predetermined timing.

FIG. 5 15 a chart showing an example of lift curves of the
intake and exhaust valves under the condition 1n which the
timing for closing the exhaust valve is set to the predeter-
mined timing.

FIG. 6 1s a contour chart relating to a temperature increase
amount at the end of the compression stroke according to a
relation between the geometric compression ratio € of the
engine and an opening period (0. —0 ;) of the exhaust valve
under the condition in which the timing for closing the
exhaust valve 1s set to the predetermined timing.

FIG. 7 1s a contour chart relating to a temperature increase
amount at the end of the compression stroke according to the
relation between the geometric compression ratio € of the
engine and the opening area ratio S,/S, of the intake and
exhaust valves under a condition 1n which a timing for open-
ing the exhaust valve 1s set to a predetermined timing.

FIG. 8 15 a chart showing an example of lift curves of the
intake and exhaust valves under the condition in which the
timing for opeming the exhaust valve 1s set to the predeter-
mined timing.

FIG. 9 1s a contour chart relating to a temperature increase
amount at the end of the compression stroke according to the
relation between the geometric compression ratio € of the
engine and the opening period (0,.-—0 . ,) of the exhaust valve
under the condition 1n which the timing for opening the
exhaust valve 1s set to the predetermined timing.

DESCRIPTION OF EMBODIMENT

Hereinaftter, a diesel engine according to an embodiment of
the present mvention 1s described 1n detail with reference to
the appended drawings. Note that, the following description
of the preferred embodiment 1s merely an illustration. FIGS.
1 and 2 show schematic configurations of an engine 1 of the
embodiment. The engine 1 1s a diesel engine that 1s mounted
in a vehicle and supplied with fuel in which a main compo-
nent 1s diesel fuel. The diesel engine includes a cylinder block
11 provided with a plurality of cylinders 11a (only one cyl-
inder 1s illustrated), a cylinder head 12 arranged on the cyl-
inder block 11, and an o1l pan 13 arranged below the cylinder
block 11 and where a lubricant 1s stored. Inside the cylinders
11a of the engine 1, reciprocating pistons 14 are inserted, and
cavities partially forming reentrant combustion chambers
14a are formed on top surtaces of the pistons 14, respectively.
Each of the pistons 14 1s coupled to a crank shaft 15 via a
connecting rod 1454.

In the cylinder head 12, intake ports 16 and exhaust ports
17 are formed and intake valves 21 for opening and closing
the openings of the intake ports 16 on the combustion cham-
bers 14a side and exhaust valves 22 for opening and closing
the openings of the exhaust ports 17 on the combustion cham-
bers 14a side are arranged for each of the cylinders 11a. As
schematically shown 1n FIG. 3, each of the cylinders 11a 1s
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formed with two openings of the intake ports 16 and two
openings of the exhaust ports 17, that 1s, each of the cylinders
11a 1s arranged with two 1ntake valves 21 and two exhaust
valves 22.

Within a valve system of the engine 1 for operating the
intake and exhaust valves 21 and 22, a hydraulically-actuated
switching mechanism 71 (see FIG. 2, heremafter, 1t 1s referred
to as VVM, variable valve motion) for switching an operation
mode of the exhaust valves 22 between a normal mode and a
special mode 1s provided on the exhaust valve side. The VVM
71 (a detailed configuration is not illustrated) includes a first
cam having one cam nose and a second cam having two cam
noses, that are two kinds of cams with cam profiles different
from each other, and a lost motion mechanism for selectively
transmitting an operation state of either one of the first and
second cams to the exhaust valves 22. When the lost motion
mechanism transmuits the operation state of the first cam to the
exhaust valves 22, the exhaust valves 22 operate in the normal
mode and open only once during an exhaust stroke. On the
other hand, when the lost motion mechanism transmits the
operation state of the second cam to the exhaust valves 22, the
exhaust valves 22 operate in the special mode and open during
the exhaust stroke and further during an intake stroke once
cach, that1s the exhaust valve 1s opened twice. In this embodi-
ment, 1 each of the cylinders 11a, only one of the exhaust
valves 22 opens during the intake stroke. Note that, 1n each of
the cylinders 11a, clearly both of the exhaust valves 22 open
during the exhaust stroke and both of the intake valves 21
open during the intake stroke.

The mode switching 1n the VVM 71 between the normal
and special modes 1s performed by a hydraulic pressure
applied by a hydraulic pump (not i1llustrated) operated by the
engine. The special mode may be utilized for a control related
to an internal EGR as described below. Note that, an electro-
magnetically-operated valve system for operating the exhaust
valve 22 by using an electromagnetic actuator may be
adopted for switching between the normal and special modes.

Injectors 18 for injecting the fuel and glow plugs 19 for
improving an ignitability of the fuel by heating intake air
under a cold state of the engine 1 are provided within the
cylinder head 12. The injectors 18 are arranged so that tuel
injection ports thereof face the combustion chambers 14a
from ceiling surfaces of the combustion chambers 14a,
respectively, and the 1injectors 18 supply the fuel to the com-
bustion chambers 14a by directly injecting the fuel at the
point near the top dead center 1n a compression stroke.

An 1ntake passage 30 1s connected to a side surface of the
engine 1 so as to communicate with the intake ports 16 of the
cylinders 11a. Meanwhile, an exhaust passage 40 for dis-
charging burnt gas (exhaust gas) from the combustion cham-
bers 14a of the cylinders 11a 1s connected to the other side
surface of the engine 1. A large turbocharger 61 and a com-
pact turbocharger 62 for turbocharging the intake air (de-
scribed 1n detail below) are arranged 1n the intake and exhaust
passages 30 and 40.

An air cleaner 31 for filtering the intake air1s arranged 1n an
upstream end part of the intake passage 30. A surge tank 33 1s
arranged near a downstream end of the intake passage 30. A
part of the intake passage 30 on the downstream side of the
surge tank 33 1s branched to be independent passages extend-
ing toward the respective cylinders 11a, and downstream ends
of the independent passages are connected with the intake
ports 16 of the cylinders 11a.

A compressor 61a of the large turbocharger 61, a compres-
sor 62a of the compact turbocharger 62, an intercooler 35 for
cooling air compressed by the compressors 61a and 62a, and
a throttle valve 36 for adjusting an intake air amount for the
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combustion chambers 14a of the cylinders 11a are arranged
in the intake passage 30 between the air cleaner 31 and the
surge tank 33. The throttle valve 36 1s basically fully opened;
however, 1t 1s Tully closed when the engine 1 1s stopped so as
to prevent a shock.

A part of the exhaust passage 40 on the upstream side 1s
constituted with an exhaust manifold having independent
passages branched toward the cylinders 11a and connected
with outer ends of the exhaust ports 17 and a merging part
where the mndependent passages merge together.

In a part of the exhaust passage 40 on the downstream of the
exhaust manifold, a turbine 625 of the compact turbocharger
62, a turbine 615 of the large turbocharger 61, an exhaust
emission control device 41 for punitying hazardous compo-
nents contained in the exhaust gas, and a silencer 42 are
arranged 1n this order from the upstream.

The exhaust emission control device 41 includes an oxida-
tion catalyst 41a and a diesel particulate filter 415 (hereinat-
ter, referred to as the filter), and these components are
arranged 1n this order from the upstream. The oxidation cata-
lyst 41a and the filter 415 are accommodated 1n a case. The
oxidation catalyst 41a has an oxidation catalyst carrying, for
example, platinum or platinum added with palladium and
promotes a reaction generating CO, and H,O by oxidizing
CO and HC contained in the exhaust gas. The filter 415
catches particulates such as soot contained 1n the exhaust gas
from the engine 1. Note that the filter 415 may be coated with
the oxidation catalyst. As described later, the generation of
NOx 1s significantly suppressed or prevented in the engine 1
because of the low compression ratio, therefore the NOx
catalyst may not be used.

A part of the 1intake passage 30 between the surge tank 33
and the throttle valve 36 (that 1s, a part downstream of the
compact compressor 62a of the compact turbocharger 62)
and a part of the exhaust passage 40 between the exhaust
manifold and the compact turbine 6256 of the compact turbo-
charger 62 (that1s, a part upstream of the compact turbine 625
of the compact turbocharger 62) are connected with an
exhaust gas re-circulation passage 51 for partially re-circu-
lating the exhaust gas to the intake passage 30. An exhaust gas
re-circulation valve $1a for adjusting a re-circulation amount
ol the exhaust gas to the intake passage 30, and an EGR cooler
52 for cooling the exhaust gas by engine coolant, are arranged
in the exhaust gas re-circulation passage 51.

The large turbocharger 61 has the large compressor 61a
arranged 1n the 1ntake passage 30 and the large turbine 615
arranged 1n the exhaust passage 40. The large compressor 61a
1s arranged 1n the intake passage 30 between the air cleaner 31
and the mtercooler 35. The large turbine 615 1s arranged in the
exhaust passage 40 between the exhaust manifold and the
oxidation catalyst 41a.

The compact turbocharger 62 has the compact compressor
62a arranged 1n the intake passage 30 and the compact turbine
62b arranged 1n the exhaust passage 40. The compact com-
pressor 62a 1s arranged 1n the intake passage 30 on the down-
stream of the large compressor 61a. The compact turbine 625
1s arranged 1n the exhaust passage 40 on the upstream of the
large turbine 615b.

That 1s, the large compressor 61a and the compact com-
pressor 62a are arranged 1n series in the intake passage 30 in
this order from the upstream, and the compact turbine 625 and
the large turbine 615 are arranged 1n series 1n the exhaust

passage 40 1 this order from the upstream. The large and
compact turbines 615 and 625 are rotated by the tlow of the
exhaust gas, and the large and compact compressors 61a and
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62a coupled with the large and compact turbines 615 and 625
are actuated by the rotation of the large and compact turbines
615 and 62b respectively.

The compact turbocharger 62 1s smaller and the large tur-
bocharger 61 1s larger in relation to each other. That 1s, inertia
of the large turbine 615 of the large turbocharger 61 1s larger
than that of the compact turbine 625 of the compact turbo-
charger 62.

A small intake bypass passage 63 for bypassing the small
compressor 62a 1s connected with the intake passage 30. A
small intake bypass valve 63a for adjusting an amount of the
air flowing into the small intake bypass passage 63 1s arranged
in the small intake bypass passage 63. The small intake
bypass valve 63a 1s fully closed (normally closed) when no
clectric power 1s distributed thereto.

A small exhaust bypass passage 64 for bypassing the small
turbine 6256 and a large exhaust bypass passage 65 for bypass-
ing the large turbine 615 are connected with the exhaust
passage 40. A regulation valve 64qa for adjusting an amount of
the exhaust gas flowing to the small exhaust bypass passage
64 1s arranged within the small exhaust bypass passage 64,
and a wastegate valve 65q for adjusting an exhaust gas
amount tlowing to the large exhaust bypass passage 65 1s
arranged 1n the large exhaust bypass passage 65. The regula-
tion valve 64a and the wastegate 65a are both fully opened
(normally opened) when no electric power 1s distributed
thereto.

The diesel engine 1 with the configuration described as
above 1s controlled by a powertrain control module 10 (herein
alter, may be referred to as PCM). The PCM 10 1s configured
by a CPU, a memory, a counter timer group, an interface, and
a microprocessor with paths for connecting these units. The
PCM 10 configures a control device. As shown 1n FIG. 2, the
PCM 10 1s inputted with detection signals from a fluid tem-
perature sensor SW1 for detecting a temperature of an engine
coolant, a turbocharging pressure sensor SW2 attached to the
surge tank 33 and for detecting a pressure on the air to be
supplied to the combustion chambers 14a, an 1intake air tem-
perature sensor SW3 for detecting a temperature of the intake
air, a crank angle sensor SW4 for detecting a rotational angle
of the crank shait 15, an accelerator position sensor SWS for
detecting an accelerator opening amount corresponding to an
angle of an acceleration pedal (not 1llustrated) of the vehicle,
and an O, sensor SW6 for detecting an oxygen concentration
within the exhaust gas. The PCM 10 performs various kinds
of calculations based on the detection signals so as to deter-
mine the states of the engine 1 and the vehicle, and further
outputs control signals to the injectors 18, the glow plugs 19,
the VVM 71 of the valve system, and the actuators of the
valves 36, 51a, 634, 64a and 65a according to the determined
states.

Thus, the engine 1 1s configured to have a comparatively
low compressionratio where the geometric compression ratio
1s within a range of 12:1 to below 15:1, and thereby the
exhaust emission performance 1s improved and a thermal
eificiency 1s improved. On the other hand, as a result of setting
the low geometric compression ratio, temperatures of the
cylinders at the end of the compression stroke are decreased
particularly within the operation range where the engine has
a low load and low rotation speed, and therefore, a self 1gni-
tion may be difficult be performed and self-ignition condi-
tions may not be satisfied depending on the property of the
tuel to be supplied (e.g., fuel with low cetane number).

For this reason, 1n the engine 1, a re-circulation of the
exhaust gas (external EGR gas) through the exhaust gas re-
circulation passage 31 and an introduction of the exhaust gas
(internal EGR gas) into the cylinders 11a through the control
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by the VVM 71 are performed. Thereby, the temperatures of
the cylinders 11a at the end of the compression stroke are
increased by introducing a comparatively large amount of
EGR gas into the cylinders 11a at least within the operation
range where the engine has the low load and the low rotation
speed. Particularly in the engine 1 with the low compression
ratio, the one of the exhaust valves 22 which 1s opened during
the intake stroke 1s set to have predetermined lift properties
according to the geometric compression ratio of the engine so
that the igmitability of the fuel 1s surely secured regardless of
the operating conditions and the property of the fuel. Here-
inafter, the lift properties of the one of the exhaust valves 22
are described with reference to the appended drawings.

FIG. 4 1s a chart indicating temperature increase amounts
(AT) at the end of the compression stroke determined based
on a relation between the geometric compressionratio € of the
engine 1 (horizontal axis) and an arearatio S /S, of an exhaust
valve opening area S, and an intake valve opening area S,
(vertical axis). Here, the values of the exhaust valve opening
area S, and the intake valve opening area S; are determined
based on a lift curve of the one of the exhaust valves 22 (see
the solid line 1n FI1G. 5) and a lift curve of the intake valves 21
(see the dashed line 1 FIG. 5) respectively. That 1s, the
exhaust valve opening area S 1s defined as an area under the
lift curve L(0) of the exhaust valve 22 (limited to the lift
curve 1n the 1ntake stroke), that corresponds to a valve open-
ing period (0.-—0~,) of the exhaust valve 22. Similarly, the
intake valve opening area S, 1s defined as an area under the lift
curve L(0) of the intake valves 21, that corresponds to a valve
opening period (0,--0,,) of the intake valves 21. The valve
opening periods (0.--0.,) and (0,-~0,,) serve as functions
of a crank angle 0 (deg). That 1s:
exhaust valve opening area S, =/, ~“L.(0)d0[mm-deg];
and
intake valve opening area S =[,,,,> L (6)d6[mm-deg].

However, 1n this embodiment, because both the two intake
valves 21 are opened and, on the other hand, only one of the
exhaust valves 22 1s opened per cylinder during the intake
stroke as described above, the exhaust valve opening area S
serves for the one of the exhaust valves 22 and the intake valve
opening area S; serves for two of the intake valves 21 (that 1s,
S oo €L (6)d06x2) in the above equation. Note that, in
calculations of equations and mathematical statements below,
a diameter D; of each of the intake valves 21 1s set to 26 mm
and a diameter D, of each of the exhaust valves 22 1s set to
22.5 mm (see FIG. 3).

The lift curve of the exhaust valve 22 which 1s opened
during the intake stroke and the lift curve of the intake valves
21 have shapes similar to each other. A timing for closing the
exhaust valve 22 during the intake stroke is set to be earlier
than a timing for closing the intake valves 21 1n the later stage
of the intake stroke. Specifically, the timing for closing the
exhaustvalve 22 1s setat 200° CA after atop dead center inthe
intake stroke (hereinatter, the set timing may be referred to as
“the condition 1in which the timing for closing the exhaust
valve 22 1s set”). Note that, each of the lift curves of the intake
and exhaust valves 21 and 22 i1s partitioned into a shock
absorbing area on the opening side, a bulge area and a shock
absorbing area on the closing side. Boundary points between
the shock absorbing area on the opening side and the bulge
area 1n the lift curves may be set as the opening timings 0 - of
the intake and exhaust valves 21 and 22 respectively, and
boundary points between the bulge area and the shock absorb-
ing area on the closing side 1n the lift curves may be set as the
closing timings 0 of the intake and exhaust valves 21 and 22
respectively. Further specifically, points where the intake and
exhaust valves 21 and 22 are lifted by 0.5 mm may be set as
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the opening and closing timings of the intake and exhaust
valves 21 and 22, respectively.

Because the exhaust valve 22 is closed in the earlier stage
ol the intake stroke under the condition 1n which the timing
for closing the exhaust valve 22 1s set, new air 1s introduced
into the cylinders 1n the early stage of the intake stroke. Thus,
it 1s particularly etflective 1n increasing the engine load when,
for example, accelerating the vehicle.

As described above, FIG. 4 1s the contour chart (isogram
chart) relating to the temperature increase amount (AT) at the
end of the compression stroke determined based on the rela-
tion between the geometric compression ratio € of the engine
1 and the valve opening area ratio S./S,. That 1s, the chart
indicates changes 1n the temperature increase amount
depending on changes 1n the valve opening area ratio S./S;
which 1s set with respect to the geometric compression ratio €
of the engine 1, and the dashed line indicates an 1sothermal
line of the temperature increase amount. The contour chart 1n
FIG. 4 1s obtained by performing a later described estimation-
calculation of the temperature at the end of the compression
stroke for every geometric compression ratio of the engine 1
under a predetermined operating condition of the engine 1,
while varying the exhaust valve opening area S, by changing
the lift curve of the exhaust valve 22, where 1ts contour 1s kept
approximately the same, under a condition 1n which the tim-
ing for closing the exhaust valve 22 during the intake stroke 1s
not changed (200° C.A after the top dead center 1n the intake
stroke) as indicated by the white arrow 1n FIG. 5.

Here, the intake valve opening area S; 1s set to a predeter-
mined constant value based on the basic characteristics of the
engine 1. Therefore, the valve opening area ratio S./S; indi-
cated by the vertical axis in FIG. 4 changes 1n proportion to
the change of the exhaust valve opening area S,. In other
words, the exhaust valve opening area S 1s enlarged as the
valve opening area ratio S./S, 1s increased, and thereby, the
amount of the mternal EGR gas to be imtroduced into the
cylinders 11a increases. Further, the exhaust valve opening
area Sz 15 reduced as the valve opening area ratio S./S; 1s
decreased, and thereby, the amount of the internal EGR gas to
be introduced into the cylinders 11a 1s reduced.

The thick solid lines 1n FI1G. 4 indicate the minimum valve
opening area ratios S./S, required to satisty the self-ignition
conditions under predetermined operating conditions of the
engine 1 on the comparatively low load and low rotation
speed side. That 1s:

p=0.01x(15-€)+0.02 Equation (1a).

The Equation (1a) indicates a minimum value of the valve
opening area ratio S,/S, when the throttle valve 36 1s throttled
so that an excess air ratio A=1.0. By setting the valve opening
area ratio S./S; to be the minimum value or greater, the
self-ignition conditions are satisfied. That 1s, the self-1gnition
conditions are satisfied because a required size of the exhaust
valve opening area S,. 1s secured, thereby, the amount of the
EGR gas to be introduced mnto the cylinders 11a exceeds a
predetermined value and the temperature increase amount at
the end of the compression stroke exceeds a predetermined
value. Here, the self-1ignition conditions required 1n the cal-
culation of the minimum value 1s set with respect to fuel with
the worst 1gnitability (fuel with the lowest cetane number).
Thereby, the 1gnition conditions can be satisfied even when
the fuel with the lowest cetane number 1s used. Note that,
when fuel with higher cetane number 1s used, the self-ignition
conditions correspondingly become easier to be met and
naturally be satisfied.

Here, the mimmimum value indicated by the Equation (1a)
decreases as the geometric compression ratio € increases and
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the value increases as the geometric compression ratio e
decreases. That 1s, because the temperatures of the cylinders
atthe end of the compression stroke increase as the geometric
compression ratio € increases, the minimum temperature
increase amount required to satisty the self-ignition condi-
tions becomes less and the amount of the internal EGR gas
which needs to be introduced into the cylinders 11a becomes
less. On the other hand, because the temperatures of the
cylinders at the end of the compression stroke decrease as the
geometric compression ratio € decreases, the minimum tem-
perature increase amount required to satisty the self-ignition
conditions 1ncreases and a larger amount of the internal EGR
gas 1s required to be introduced into the cylinders 11a.

As described above, the Equation (1a) indicates the mini-
mum value derived for a condition 1n which the engine 1 1s
operated with the excess air ratio A=1.0. That 1s, based on that
the engine 1 1s preferably operated with the excess air ratio A
of around 1.0 considering an exhaust emission performance
for soot and NOx, the Equation (1a) 1s established in consid-
cration of the exhaust gas amount (external EGR gas amount)
to be re-circulated to the intake side through the exhaust gas
re-circulation passage 51 under the condition 1n which the
throttle valve 36 1s throttled to achieve the excess air ratio
+=1.0. Meanwhile, the engine 1 may be operated with the
excess air ratio A=1.1 considering a load variation of the
engine 1 1n response to, for example, acceleration. In this
case, the minimum value of the valve opening arearatio S./S;
1s indicated as follows:

p=0.01%(15-€)+0.025 Equation (1b).

As shown 1n FIG. 4, the minimum value of the valve
opening area ratio S./S; shiits to be higher due to the change
of the excess air ratio A from 1.0 to 1.1 because the amount of
the external EGR gas passed through the exhaust gas re-
circulation passage 51 1s reduced as a result of the reduction
of the negative intake air pressure while the throttled amount
of the throttle valve 36 1s reduced to increase the new air
corresponding to the shift of the excess air ratio from 1.0 to
1.1. Therefore, the reduced amount of the external EGR gas 1s
required to be compensated by enlarging the valve opening
area S of the exhaust valve 22, in other words increasing the
amount of the internal EGR gas.

As described above, the internal EGR gas amount
increases as the valve opening area ratio S./S; increases, and
it 1s effective 1n increasing the temperatures of the cylinders at
the end of the compression stroke. However, increasing the
valve opening area ratio S./S; (1n other words, enlarging the
opening area of the exhaust valve 22 in the intake stroke) so as
to increase the internal EGR gas amount causes a reduction of
the new air to be introduced into the cylinders 11a through the
intake valves 21. Theretfore, a maximum value of the valve
opening area ratio S./S, may be set in view of securing the
amount ol the new air required to operate the engine 1 with the
predetermined excess air ratio A. The thick solid line indicat-
ing the valve opening arearatio S /S ~0.17 1n FI1G. 4 indicates
the maximum value of the valve opening area ratio S./S;
which 1s set to maintain the excess air ratio A=1.1. The maxi-
mum value of the valve opening area ratio S./S; 1s constant
regardless of the geometric compression ratio of the engine 1
since there 1s no relation therebetween.

Therefore, based on the Equation (la), by setting the
exhaust valve opening area S,. and, as a result, setting the lift
properties of the exhaust valve 22 1n the intake stroke so as to
satisly the following mathematical statement for the valve
opening area ratio S./S;:

0.01x(15-€)+0.02=5,/5=<0.17 Statement (1),
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the engine 1 can satisty the self-ignition conditions even
with the low compression ratio, and the ignitability of the fuel
can surely be secured regardless of the operation state of the
engine or the property of the fuel.

Further, considering the case of the Equation (1b), the
exhaust valve opening area S, may be set to satisiy the fol-
lowing mathematical statement for the valve opening area
ratio S./S;:

0.01%(15-€)+0.025=55,<0.17 Statement (1-2).

The above described equations and mathematical state-
ments are established for the condition in which, by throttling,
the throttle valve 36, the exhaust gas easily re-circulates
through the exhaust gas re-circulation passage 51; however,
in the diesel engine where the throttle valve 36 1s not throttled
within the operation range 1n which, for example, the engine
has the low load and low speed or where the throttle valve 1s
not provided 1n the intake passage 30 1n the first place, the
amount of the external EGR gas to be itroduced into the
cylinders 11a 1s comparatively reduced due to the reduction
of the negative intake air pressure, and therefore, different
equations and mathematical statements are established for
this case. Specifically, the mimimum value of the valve open-
ing area ratio S./S; without the throttling 1s indicated as
follows:

p=0.03x(15-€)+0.03 Equation (2a).

As shown in FIG. 4, the minimum value of the valve
opening area ratio S./S; increases by not performing the
throttling because the amount of the internal EGR gas 1s
required to be increased as the amount of the external EGR
gas to be mtroduced into the cylinders 11a 1s reduced corre-
sponding to no throttling of the intake passage 30. Because of
the reduction of the negative intake air pressure by not per-
forming the throttling reduces the amount of the internal EGR
gas 1n the same valve opening area ratio, the valve opening
area ratio S./S; needs to have a greater vanation so as to
increase the amount of the internal EGR gas when the intake
passage 30 1s not choked. Thereby a difference in slope
between the above equations (e.g., the Equation (1a)) and the
Equation (2a) 1s generated.

Meanwhile, similar to the above case, the maximum value
of the valve opening arearatio S./S,1s set 1n the same manner
regardless of the throttling so as to maintain the air excess
ratio A=1.1.

Theretfore, under the condition 1n which the throttling 1s not
pertormed, by setting the exhaust valve opening area S, and,
as a result, setting the lift properties of the exhaust valve 22 1n
the intake stroke based on the Equation (2a) so as to satisiy the
tollowing mathematical statement for the valve opening area
ratio S./S;;

0.03%(15-€)+0.03=5,/5,<0.17 Statement (2),

the engine 1 can satisty the self-ignition conditions even
with the low compression ratio, and the ignitability of the fuel
can surely be secured regardless of the operation state of the
engine or the property of the fuel.

For example, as indicated by the black circle 1n FIG. 4, by
setting the valve opening area ratio S./S, to be just below 0.08
when the engine compression ratio of the engine 1s set to 14:1
and correspondingly setting the cam profile of the second cam
of the VVM 71 (the above described cam for opening the
exhaust valve 22 during the intake stroke), the temperature
increase amount obtained 1s about 40K (kelvin). Thereby,
even when the fuel with low cetane number 1s used under the
operation range where the engine has the low load and the low
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rotation speed, the self-ignition conditions can be satisfied in
either of the cases 1n which the throttle valve 36 1s throttled or
not throttled.

Here, the values from the equations and mathematical
statements are obtained for the condition in which only the
one of the exhaust valves 22 1s opened during the intake
stroke. Therefore, when, for example, both the two exhaust
valves 22 are opened 1n the intake stroke, the lift amount and
valve opening period per valve are required to be less and
shorter 1n order to maintain the above described value of the
valve opening area ratio S./S,. However, reducing the lift
amount and shortening the opeming period of the exhaust
valve 22 makes the movement of the exhaust valve 22 to be
smaller and may cause the introduction amount of the internal
EGR gas to vary. That 1s, sufliciently increasing the Ilift
amount and extending the opening period of the exhaust valve
22 15 desired to surely secure the required amount of the
internal EGR gas. Therefore, opening only the one of the
exhaust valves 22 during the intake stroke 1s effective 1n
improving the ignitability of the fuel.

The contour chart 1n FIG. 4 utilizes the valve opening area
ratio S./S; as a parameter to serve as one of the lift properties
of the exhaust valve relating to properties of the internal EGR
gas amount. Alternatively, the opening period (0.,.~0.,) of
the exhaust valve 22 in the intake stroke may be utilized as the
parameter to serve as one of the lift properties of the exhaust
valve relating to the properties of the internal EGR gas
amount.

FIG. 6 1s a contour chart indicating temperature increase
amounts (AT) at the end of the compression stroke deter-
mined based on a relation between the geometric compres-
s1on rat1o € of the engine 1 (horizontal axis) and the opening
period (0,..-0,,) of the exhaust valve 22 (vertical axis).
Here, as described above, the opening period (0.-—0.,)
(unit: deg) of the exhaust valve 22 may be set as a range of the
crank angle corresponding to the bulge area 1n the lift curve of
the exhaust valve 22. Specifically, the points where the
exhaust valve 22 1s lifted by 0.5 mm may be set as the opening

timing O ., and the closing timing 0.~ of the exhaust valve 22
(see FIG. 5).

As shown 1n FIG. 6, when the throttle valve 36 1s throttled
within the operation range of the low engine load and rotation
speed and the excess air ratio A=1.0, the lift properties of the
exhaust valve 22 are set to satisiy the following mathematical
statement for the opeming period (0.--0.,) of the exhaust
valve 22:

Ox(15-€)+95=(0g—0z,)<160[deg] Statement (5).

In FIG. 6, the minimum value of the opening period (0.~
0~,) 1s indicated 1n a manner where minimum values calcu-
lated for the respective compression ratios (see square shaped
dots) are approximated by a first order equation (a straight
line). Similarly, when the excess air ratio A=1.1, the liit prop-
erties of the exhaust valve 22 are set to satisty the following
mathematical statement for the opening period (0,.,.-0,,) of
the exhaust valve 22:

O%x(15-€)+98=(0,—0z,)=<160[deg]

On the other hand, as shown in FIG. 6, when the throttle
valve 36 1s not throttled within the operation range of the low
engine load and rotation speed, the lift properties of the
exhaust valve 22 are set to satisiy the following mathematical
statement for the opening period (0..~-0..,) of the exhaust
valve 22:

14x(15-€)+105=(0,—0x,)=160[deg]

As described above, FIGS. 4 and 6 are the contour charts
under the condition 1n which the closing timing of the exhaust

Statement (5-2).

Statement (6).
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valve 22 during the intake stroke 1s set 1n the later stage of the
intake stroke. Alternately, the opening timing of the exhaust
valve 22 during the intake stroke may be set 1n the earlier
stage of the intake stroke as shown 1n, for example, FIG. 8.
Here, because the exhaust valve 22 1s opened alter a prede-
termined shock absorbing period has elapsed after the
exhaust valve 22 has closed during the exhaust stroke, the
opening timing of the exhaust valve 22 1s set to the point after
a predetermined time has elapsed from the opening timing of
the intake valves 21. In other words, the opening timing of the
exhaust valve 22 1s set to the point where a predetermined
time has elapsed from the top dead center 1n the intake stroke.
Specifically, the opening timing of the exhaust valve 22 1s set
at 45° C.A after the top dead center 1n the intake stroke.
Hereinaftter, the set timing may be referred to as “the condi-
tion 1n which the timing for opening the exhaust valve 22 1s
set”. Because the exhaust valve 22 1s opened in the earlier
stage of the intake stroke under the condition 1n which the
timing for opening the exhaust valve 22 1s set, the new air 1s
difficult to be introduced into the cylinders 1n the earlier stage
of the intake stroke.

FIG. 7 1s a contour chart (1sogram chart) relating to a
temperature increase amount (AT) at the end of the compres-
s1on stroke according to the relation between the geometric
compression ratio € of the engine and the valve opening area
ratio S./S; under the condition 1n which a timing for opening,
the exhaust valve 1s set. That 1s, the contour chart in FIG. 7 1s
obtained by performing an estimation-calculation for the
temperature at the end of the compression stroke for every
geometric compression ratio of the engine 1 under the prede-
termined operating condition of the engine 1 while changing
the exhaust valve opening area S, by changing the lift curve,
where 1ts contour 1s kept approximately the same, under the
condition 1n which the timing for opening the exhaust valve
22 during the intake stroke 1s not changed (45° C. A after the
top dead center in the intake stroke) as indicated by the white
arrow 1n FI1G. 8. When the throttle valve 36 is throttled so that
the excess air ratio A=1.0, the valve opening area ratio S./S,
1s set to satisty the following mathematical statement:

0.01x(15-€)+0.03=S5,/5,<0.15 Statement (3).

The minimum value 1s shifted to be higher in the Statement
(3) compared to the Statement (1). As described above,
because the new air becomes harder to be introduced 1nto the
cylinders 11a 1n the earlier stage of the intake stroke, the
throttle valve 36 needs to be opened comparatively more to
maintain the excess air ratio A=1.0. Thus, the negative intake
air pressure 1s correspondingly reduced, and, thereby, the
amount of the external EGR gas passed through the exhaust
gas re-circulation passage 51 1s reduced. Therefore, the valve
opening area ratio S/S;1s required to be higher to obtain the
larger exhaust valve opening area S, so that the amount of the
internal EGR gas increases.

The maximum value of the valve opening area ratio S,./S,
1s shifted to be lower 1n the Statement (3) compared to the
Statement (1) because the amount of the internal EGR gas
needs to be restricted to secure the amount of the new air for
maintaining the excess air ratio A=1.1 due to the new air
becoming harder to be introduced in the earlier stage of the
intake stroke.

Further, as shown 1n FIG. 7, when the excess air ratio
’=1.1, the exhaust valve opening area S 1s set to satisty the
following statement:

0.01x(15-€)+0.035=5,/5;<0.15 Statement (3-2).

Further, as shown 1n FIG. 7, under the condition in which
the throttle valve 36 1s not throttled 1n the operation range with
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comparatively low load and low rotation speed side, the
exhaust valve opening area S, 1s set to satisty the following
statement:

0.03x(15-€)+0.04=S,/5,<0.15 Statement (4).

When the opening period (0.,.-0,,) of the exhaust valve
22 serves as the parameter as described above, the minimum
and maximum values of the valve opening period (0. -—0.,)
are set as shown in FIG. 9. Specifically, under the condition in
which the throttle valve 36 1s throttled, the follow statement:

O%(15-€)+100=(05 —~0z,)<155[deg] Statement (7)

1s established when the excess air ratio A=1.0, and the follow-
ing statement:

Ox(15-€)+103=(0,—0r,)=155[deg] Statement (7-2)

1s established when the excess air ratio A=1.1. Further, under
the condition in which the throttle valve 36 1s not throttled, the
following statement:

O%x(15-€)+110=(05—0r,)<155[deg]

1s established.

Thus, the predetermined lift properties are set for the
exhaust valve 22 1n the intake stroke. Thereby, in the diesel
engine with comparatively low compression ratio, such as
12:1to 15:1, even 11 the fuel with low cetane number of which
the 1gnitability 1s low 1s supplied, the suflicient 1gnitability
can be secured regardless of the operation range of the engine
1. Theretore, a slow combustion due to the reduction of the
compression ratio of the diesel engine 1 can be achieved, the
NOx discharge amount can be reduced or prevented, the soot
1s suppressed and the exhaust emission performance can be
improved. As a result, the NOx catalyst may be unnecessary.
Further, the reduction of the compression ratio of the engine
1 reduces a mechanical resistance loss and improves a ther-
mal efficiency, and further improves fuel consumption.
Therefore, specitying the lift properties of the exhaust valve
22 15 effective 1n realizing the diesel engine 1 with improved
exhaust emission performance and fuel consumption pertfor-
mance.

It should be understood that the embodiments herein are
illustrative and not restrictive, since the scope of the invention
1s defined by the appended claims rather than by the descrip-
tion preceding them, and all changes that fall within metes
and bounds of the claims, or equivalence of such metes and
bounds thereot are therefore intended to be embraced by the
claims.

Statement (8)

The invention claimed 1s:
1. A diesel engine for a vehicle, comprising:
an engine body to be mounted 1n the vehicle and supplied
with fuel containing diesel fuel as 1ts main component, a
geometric compression ratio € being set within a range
of 12:1 to 13:1, wherein the engine body includes:
an 1ntake valve for opening and closing an intake port
communicating an intake passage with a cylinder;
an exhaust valve for opening and closing an exhaust port
communicating an exhaust passage with the cylinder;
and
an exhaust gas re-circulation passage communicating
the 1intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas-
sage;
wherein, when the engine body 1s at least 1n an operating
state with comparatively low load and low rotation
speed, the exhaust valve i1s opened during an intake
stroke so that the exhaust gas 1s partially introduced nto
the cylinder and the intake passage 1s choked;
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wherein the exhaust valve that 1s opened during the intake geometric compression ratio € being set within a range
stroke 1s closed before the intake valve 1s closed 1n a later of 12:1 to 15:1, wherein the engine body includes:
stage of the intake stroke; and an intake valve for opening and closing an intake port
wherein an opening area S [mm-deg] of the exhaust valve, communicating an intake passage with a cylinder;
that 1s defined by a lift curve of the exhaust valve 1in the 5 an exhaust valve for opening and closing an exhaust port
intake stroke, 1s set so that a ratio S;/S; of 'fhe opening communicating an exhaust passage with the cylinder;
area S,. of the exhaust valve to an opening area S, and
[mm-deg] Of the intake valve, that 1s Fleﬁned by a lift an exhaust gas re-circulation passage communicating,
curve ot the intake valve, meets a relation of: the intake passage with the exhaust passage and for
0 . S . . ]
0.01%(15-€)+0.02<5,/5<0.17, partially re-circulating exhaust gas to the intake pas
. . . . SAZe,
with respect to the geometric compression ratio € of the wherein, when the engine body is at least in an operating,
CNgine bOd_Y* _ _ | _ state with comparatively low load and low rotation
2. Th? diesel engine of claim 1, wherein the engine body speed, the exhaust valve is opened during an intake
has two 1ntake valves and two e.xhaust Valvefs per cylinder, and 15 stroke so that the exhaust gas 1s partially introduced into
only one of the exhaust valves 1s opened while both of the two the cylinder and the intake passage is choked;
intake valves are opened, during the intake stroke. wherein the exhaust valve that is opened during the intake
3. The diesel chgine of claim 2, wher ¢1n each Ofth? intake stroke 1s opened at a predetermined time after the intake
and exhaust valves 1s a poppet valve that lifts according to a valve is opened; and
predeter 1_11111‘3(1 1_1ﬁ curve; and | _ 20 wherein an opening area S .. [mm-deg] of the exhaust valve,
wherein the lift curve of the intake valve and the lift curve that is defined by a lift curve of the exhaust valve in the
of the exhaust valve have shapes similar to each other. intake stroke, is set so that a ratio S./S, of the opening
4. The diesel engine of claim 1, wherein each of the intake area S, of the exhaust valve to an opening area S,
and exhaust valves 1s a poppet valve that lifts according to a [mm-deg] of the intake valve, that is defined by a lift
predeterxpined l_ift curve; and | | 25 curve of the intake valve, meets a relation of:
wherein the lift curve of the intake valve and the lift curve
of the exhaust valve have shapes similar to each other. 0.01x(15-€)+0.0325,/S,<0.15,

5. A diesel engine for a vehicle, comprising:
an engine body to be mounted 1n the vehicle and supplied
with fuel containing diesel fuel as 1ts main component, a 30
geometric compression ratio € being set within a range
of 12:1 to 15:1, wherein the engine body includes:
an 1ntake valve for opening and closing an intake port
communicating an intake passage with a cylinder;
an exhaust valve for opening and closing an exhaust port 35
communicating an exhaust passage with the cylinder;
and
an exhaust gas re-circulation passage communicating
the 1intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas- 40
sage;
wherein, when the engine body 1s at least in an operating
state with comparatively low load and low rotation
speed, the exhaust valve 1s opened during an intake
stroke so that the exhaust gas 1s partially introduced into 45
the cylinder and the intake passage 1s not choked;
wherein the exhaust valve that 1s opened during the 1intake
stroke 1s closed before the intake valve 1s closed 1n a later
stage of the mtake stroke; and
wherein an opening area S [mm-deg] of the exhaust valve, 50
that 1s defined by a lift curve of the exhaust valve 1n the
intake stroke, 1s set so that a ratio S./S; of the opening
area S, of the exhaust valve to an opening area S,
[mm-deg]| of the intake valve, that 1s defined by a It
curve of the intake valve, meets a relation of: 55

with respect to the geometric compression ratio € of the
engine body.

8. The diesel engine of claim 7, wherein each of the intake
and exhaust valves 1s a poppet valve that lifts according to a
predetermined lift curve; and

wherein the lift curve of the intake valve and the lift curve

of the exhaust valve have shapes similar to each other.

9. A diesel engine for a vehicle, comprising;

an engine body to be mounted 1n the vehicle and supplied

with fuel containing diesel fuel as 1ts main component, a

geometric compression ratio € being set within a range

of 12:1 to 13:1, wherein the engine body includes:

an 1ntake valve for opening and closing an intake port
communicating an intake passage with a cylinder;

an exhaust valve for opening and closing an exhaust port
communicating an exhaust passage with the cylinder;
and

an exhaust gas re-circulation passage communicating,
the intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas-
sage;

wherein, when the engine body 1s at least 1n an operating

state with comparatively low load and low rotation
speed, the exhaust valve i1s opened during an intake
stroke so that the exhaust gas 1s partially introduced 1nto
the cylinder and the intake passage 1s not choked;
wherein the exhaust valve that 1s opened during the intake
stroke 1s opened at a predetermined time after the intake
0.03x%(15-€)+0.03S,/5,<0.17, valve 1s opened; and
wherein an opening area S - [mm-deg] of the exhaust valve,
that 1s defined by a lift curve of the exhaust valve in the
intake stroke, 1s set so that a ratio S./S; of the opening

areca S. ol the exhaust valve to an opening area S;

[mm-deg] of the intake valve, that 1s defined by a lift

curve of the intake valve, meets a relation of:

with respect to the geometric compression ratio € of the
engine body.

6. The diesel engine of claim 5, wherein each of the intake 60
and exhaust valves 1s a poppet valve that lifts according to a
predetermined lift curve; and

wherein the lift curve of the intake valve and the lift curve

of the exhaust valve have shapes similar to each other.

7. A diesel engine for a vehicle, comprising: 65

an engine body to be mounted 1n the vehicle and supplied with respect to the geometric compression ratio € of the

with fuel containing diesel fuel as 1ts main component, a engine body.

0.03x(15-€)+0.04=S,/S,<0.15,
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10. The diesel engine of claim 9, wherein each of the intake
and exhaust valves 1s a poppet valve that lifts according to a
predetermined lift curve; and

wherein the lift curve of the intake valve and the lift curve

of the exhaust valve have shapes similar to each other.

11. A diesel engine for a vehicle, comprising:

an engine body to be mounted 1n the vehicle and supplied

with fuel containing diesel fuel as 1ts main component, a

geometric compression ratio € being set within a range

of 12:1 to 15:1, wherein the engine body including;:

an 1ntake valve for opening and closing an intake port
communicating an intake passage with a cylinder;

an exhaust valve for opening and closing an exhaust port
communicating an exhaust passage with the cylinder;
and

an exhaust gas re-circulation passage communicating
the 1intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas-
sage;

wherein, when the engine body 1s at least 1n an operating

state with comparatively low load and low rotation
speed, the exhaust valve i1s opened during an intake
stroke so that the exhaust gas 1s partially introduced into
the cylinder and the intake passage 1s choked;

wherein the exhaust valve that 1s opened during the intake

stroke 1s closed betore the intake valve 1s closed 1n a later
stage of the intake stroke; and

wherein an opening period (0,..~0. ) [deg] of the exhaust

valve 1n the intake stroke meets a relation of:

Ox(15—€)+95=(0,—0r,)=160[deg],

with respect to the geometric compression ratio € of the
engine body, the points at which the exhaust valve 1s lifted by
0.5 mm being defined as an opening timing 0, , and a closing
timing 0 ..
12. A diesel engine for a vehicle, comprising:
an engine body to be mounted 1n the vehicle and supplied
with fuel containing diesel fuel as 1ts main component, a
geometric compression ratio € being set within a range
of 12:1 to 15:1, wherein the engine body including;:
an 1ntake valve for opening and closing an intake port
communicating an intake passage with a cylinder;
an exhaust valve for opening and closing an exhaust port
communicating an exhaust passage with the cylinder;
and
an exhaust gas re-circulation passage communicating
the 1intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas-
sage;
wherein, when the engine body 1s at least in an operating
state with comparatively low load and low rotation
speed, the exhaust valve 1s opened during an intake
stroke so that the exhaust gas 1s partially introduced into
the cylinder and the intake passage 1s not choked;
wherein the exhaust valve that 1s opened during the intake
stroke 1s closed before the intake valve 1s closed 1n a later
stage of the intake stroke; and
wherein an opening period (0. --0.,) [deg] of the exhaust
valve 1n the intake stroke meets a relation of:

14%(15-€)+105=(0z—0z0)=160[deg],

with respect to the geometric compression ratio € of the
engine body, the points at which the exhaust valve 1s lifted by
0.5 mm being defined as an opening timing 0,., and a closing
timing O ..
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13. A diesel engine for a vehicle, comprising:
an engine body to be mounted 1n the vehicle and supplied
with fuel containing diesel fuel as 1ts main component, a
geometric compression ratio € being set within a range
of 12:1 to 15:1, wherein the engine body including:
an 1ntake valve for opening and closing an intake port
communicating an intake passage with a cylinder;
an exhaust valve for opening and closing an exhaust port
communicating an exhaust passage with the cylinder;
and
an exhaust gas re-circulation passage communicating
the intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas-
sage;
wherein, when the engine body 1s at least 1n an operating
state with comparatively low load and low rotation
speed, the exhaust valve 1s opened during an intake
stroke so that the exhaust gas 1s partially introduced nto
the cylinder and the intake passage 1s choked;
wherein the exhaust valve that 1s opened during the intake
stroke 1s opened at a predetermined time after the intake
valve 1s opened; and
wherein an opening period (0..--0. ) [deg] of the exhaust
valve 1n the intake stroke meets a relation of:

O%(15-€)+100=(05—0r,)<155[deg],

with respect to the geometric compression ratio € of the
engine body, the points at which the exhaust valve 1s lifted by
0.5 mm being defined as an opening timing 0 ., and a closing
timing O...
14. A diesel engine for a vehicle, comprising:
an engine body to be mounted 1n the vehicle and supplied
with tuel containing diesel fuel as 1ts main component, a
geometric compression ratio € being set within a range
of 12:1 to 13:1, wherein the engine body including;:
an intake valve for opening and closing an intake port
communicating an intake passage with a cylinder;
an exhaust valve for opening and closing an exhaust port
communicating an exhaust passage with the cylinder;
and
an exhaust gas re-circulation passage communicating
the intake passage with the exhaust passage and for
partially re-circulating exhaust gas to the intake pas-
sage;
wherein, when the engine body 1s at least 1n an operating
state with comparatively low load and low rotation
speed, the exhaust valve 1s opened during an intake
stroke so that the exhaust gas 1s partially introduced nto
the cylinder and the intake passage 1s not choked;
wherein the exhaust valve that 1s opened during the intake
stroke 1s opened at a predetermined time after the intake
valve 1s opened; and

wherein an opening period (0. ,.-0,,) [deg] of the exhaust
valve 1n the intake stroke meets a relation of:

O%(15-€)+110=(05—0r,)<155[deg],

with respect to the geometric compression ratio € of the
engine body, the points at which the exhaust valve 1s lifted by
0.5 mm being defined as an opening timing 0., and a closing
timing O ..
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